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Abstract
Pores are intrinsic defects of ceramic composites and influence their functional properties
significantly. Their characterization is therefore a pivotal task inmaterial and process optimization. It
is demonstrated that polished section analysis allows for obtaining precise information on pore size,
shape, area fraction, and homogeneous distribution. It is proven that laser scanningmicroscopy
provides accurate heightmaps and is thus an appropriate technique for assessing surface features.
Such data is used to compare areaswith good and poor polishing results, and various surface
parameters are evaluated in terms of their informative value and data processing effort. Thematerial
under investigation is a low temperature co-fired ceramic composite. Through statistical analysis of
the data, the inclination anglewas identified as an appropriate parameter to describe the polishing
result. By usingmasked data, direct conclusions can be drawn about the leveling of load-bearing
surface areas, which are crucial in photolithographic processing steps and bonding technology. A
broad discussion of different defects based on the results contributes to a critical analysis of the
potentials and obstacles ofmicromachining of low temperature cofired ceramic substrates.

Formula symbols and theirmeaning

Symbol Meaning

h Inhomogeneity factor

ρ, ρl Average (overall) pore
density, local one

m Number of cells along the
X andY axes

n Number of pores

M Mesh size

Req Equivalent radius for a
circle

LM/lm Length of the ellipse
major/minor axis

ACSp Cross-sectional area of
pores

ACS Total image area

η Pore shape factor

Φ,Φs Porosity, surface
porosity

α Inclination angle

Sexp,th Experimental/theoretical
PSD function (fit)

A, B, C Fit coefficients of the
theoretical PSD function

k Spatial frequency

t Polishing time

σc,e Surface roughness
(center, edge)

ωc,e Surface waviness
(center, edge)

λσ,ω Cut-off wavelength
(roughness, waviness)
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1. Introduction

Ceramic composite materials are steadily conquering
new areas of application, as desired functional proper-
ties can be specifically adjusted by combining material
properties of matrix and filler in a sophisticated way.
So is it for example possible to improve properties
such as their mechanical strength [1–3] or energy
density [4] and tune parameters like permittivity [5–7]
or conductivity [8]. Widely used processes for the
synthesis of such composites are spray pyrolysis [8, 9]
and powder-based sintering [1, 6, 7, 10, 11] which
entail a porous material structure. Low temperature
cofired ceramics (LTCC) are a group of glass-ceramic
matrix composites that are densified by viscous flow as
the major driving mechanism during the sintering
process [12]. Co-firing means that conductor lines are
printed on ceramic green tapes, and various tapes are
stacked and fired in a single process step in order to
produce three-dimensional wiring in ceramic circuit
carriers [13]. Combining sintering temperatures
below 950 °C and tunability of thermo-physical and
dielectric properties by varying the glasses and ceramic
fillers used allows the modification of functional
properties in a wide range and the usage of highly
conductive metals as wiring which results in an
excellent signal transition [14]. This opens up broad
and diverse fields of electronic applications, covering
wireless communication [15–17], electromechanical
microsystems [18, 19] as well as medical and auto-
motive electronics [20, 21]. Growing demands of
integration density, miniaturization, and reliability
drive the convergence of this technology towards
micromachining. Furthermore, the integration of
high-k and low-kmaterials with defined thickness and
low loss tangent is crucial for the realization of the next
generation of high-frequency circuits [15, 17]. It has
been recently shown that a defined porosification of
sintered LTCC by wet chemical etching can be used to
tune permittivity [22, 23].Further, porosification
depends on the sintering process [24]. Present voids
decrease permittivity and loss tangent. The description
of such voids or pores as an intrinsic structural feature
of ceramic matrix composites is thus essential for
understanding the material behavior. However, the
characterization of pores, especially of those called
‘dead pores’ which are fully buried within the solid
body, is challenging. Simplemethods, such asmercury
porosimetry, capillary flow porometry, and gas pycno-
metry deliver no suitable information regarding these
pores. Alternatively, there are non-destructive meth-
ods like micro-computer tomography [25, 26] or
nuclear magnetic resonance analysis [27], but these
methods are expensive and therefore not widely
available. Microscopy-based methods using image
analysis techniques were already proposed in the past,
using scanning electron microscope (SEM) images as
the base for pore analysis of LTCC [28], but the
necessary preparation using focused ion beam (FIB) is

laborious and the region of interest is restricted by the
field of view of an SEM image. In this work, we use
laser scanning microscopy (LSM) image analysis of
polished surfaces to characterize the pores of the
composite. Themethod can detect defects in the range
of 10 μm to 100 nm and optimally complements thus
classical microscopy and scanning electron micro-
scopy [29]. The measurement delivers two different
image types, namely an intensity map and a height
map. Considering both sources of information, the
uniformity of the pore distribution is evaluated,
parameters for an effective surface description are
compared and their change depending on polishing
progress is assessed.

2.Methods

The data processing is carried out according to the
procedure in [30]. Gwydion software [31] is used for
image processing.

2.1.Data acquisition
2.1.1. LTCC samples
This work uses a multilayer stack of commercially
available LTCC (9k7). The fired single-layer thickness
is 100 μm. It is important to mention the single-layer
thickness since inhomogeneous particle distribution
along the cross-section resulting from the casting
process can lead to stratification in the sintered
ceramic and cause inhomogeneous pore distribution.
The overall thickness of the substrate was 600 μm.

9 k7 consists of ceramic filler (Al2O3) and glasses
that form different crystalline phases with this filler
during sintering. The depleted glass serves as a matrix
[32]. This glass matrix provides a closed surface since
the filler particles are completely enclosed by the same
after sintering. The sintered body has a high form
deviation (low-frequency component of surface tex-
ture), and the warping can be up to 100 μm. It is made
plane-parallel by lapping according to [33]. The sub-
strate has a concave shape after lapping, and the total
thickness deviation between the edge region and cen-
ter is 5 μm, approximately. Lapping eliminates the
unevenness but opens the enclosed pores. Figure 1
shows a high-angle annular dark field cross-section
image, taken under scanning-transmission electron
microscopy mode (STEM-HAADF) of the composite
material surface after polishing. A pore is visible at the
surface. The surrounding material, consisting of glass
and filler, is leveled, but the softer glass shows stronger
erosion than the hard filler. Polishing levels the eleva-
tions around large pores, but the pores themselves
cannot be eliminated, as new ones are opened when
others are completely ablated.

2.1.2.Measurement data
The surface data are captured with a laser scanning
microscope (LEXT OLS4100, Olympus Corp.) and
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contain a complete set of intensity data, and height
information depending on the x-y position. These
source data are directly imported into the evaluation
software. The measurement points are chosen in the
center and the edge of the substrate. Due to the
concave shape, the polishing results of these regions
differ significantly.

2.2. Characterization of the pores
2.2.1.Masking of pore areas
The areas of the pores are extracted from themeasure-
ment data. The procedure uses different zero-level
definitions for cross-sectional images and in-plane
images since the protruding surface differs signifi-
cantly with increasing polishing progress. Figure 2(a)
shows the raw intensity data and figure 2(b) depicts the
masked pore area.

The unmasked areas are the load-bearing regions
of the surface and thus representative of the contact of
a lithography mask, the adhesive area for chip bond-
ing, or the effective area of ametallization.

2.2.2. Pore distribution homogeneity
The inhomogeneity of the pores is calculated using the
inhomogeneity factor h [7, 34]. The spatial distribu-
tion of the respective central point of the pore is used.
The method is based on the calculation of the
deviation of the local pore density ρl from the value of

the average (expected) pore density ρ, which corre-
sponds to the number of pores n per cross-section
divided by the cross-sectional area of the sample.
Figure 3 gives an example of three point distributions
and associated inhomogeneity values according
to [34].

To calculate the local pore density ρl, the entire
surface is first divided by a mesh into m2 rectangular
cells of equal area, and then the ratio between the
number of pores n in each cell and the cell area is cal-
culated for each cell. The value of the local density in
this case depends on the cell size and the offset (x,y)
between the beginning of the mesh and the surface
boundaries. The inhomogeneity factor h(x,y)(m) for
the given partitionm and offset (x,y) is given by:

å r r= -
=

h m
n

1

2
1x y

i

m

l,
1

2

( ) ∣ ∣ ( )( )

By varying the offset, we can find the maximum
value h(m) [34]:

å r r= -
=

h m
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1

2
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, 2

i
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1

2

( ) ( ) ∣ ∣ ( )

The inhomogeneity factor h should not depend on
the mesh size, so it is calculated as a weighted sum of
inhomogeneity factors for a set of given partitions
m= 1..M:

Figure 1. STEM-HAADF cross-section image of a polished LTCC-surface (9k7,DuPontNemours), revealing the grain and surface
structure of the polished LTCC. Typical particle sizes of the alumina filler in the glassmatrix are around 1 μm.AnAlN layer was
sputtered on the LTCC surface to keep it stable during preparation.

Figure 2.Micrograph of a polished LTCC cross-section, thefield of view is 128 μm: (a) untreated intensity image; (b) intensity image
withmask (pores are indicated bywhite color).
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The value of the weighted coefficient w is esti-
mated to be 4.79 according to [34].

The h factor has a value range of 0–1, where 0 cor-
responds to an ideal, uniform distribution and 1 to an
inhomogeneous one. The experimental determination
of the pore distribution is based on 6 measurement
points which are randomly distributed along the
cross-sections of the LTCC substrate. The field of view
of a single image is 256 μm × 256 μm and comprises
thus at least two individual layers of fired ceramic. A
process-related pore layering (stratification) would
therefore lead to a significant inhomogeneity in the
images. The used algorithm is provided in [35].

2.2.3. Pore shape factor
The complex pore shapes must be described by
simplifiedmodels. Themost obviousway is to describe
the intersection surface of the pore by a circle with an
equivalent radius Req. A more accurate approximation
is provided by the ellipse since this model allows to
capture anisotropic geometries of the cross-sectional
area of the poreACSp. Figure 4 illustrates bothmodels.

While for the equivalent circular model the equal-
ity of the surfaces serves as the basis for calculation, for
the description of the equivalent ellipse a second

parameter is required to determine the ratio η ofmajor
to minor axis LM and lm. Here, the moment of inertia
of the surface is used, which has the same value for a
real pore and ellipse surface area. The ratio η is called
the pore shape factor in this work.

The measured height data are used to determine
the pore height distribution. It should be mentioned
here that a systematic error results from the fact that
the undercut of inclined pores cannot be detected by
the measurement procedure. In this case, the actual
depth is greater than themeasured depth.

2.2.4. Porosity
The porosity Φ is defined as the proportion of the
volume of the voidsVp, in the total volumeV [36]. The
surface porosity Φs which can be determined on the
basis of two-dimensional images corresponds to the
relation between the sum of the area ACSp of all pores
as a direct result of image evaluation and the total area
of the cross-section ACS, which is equal to the image
size of 256 μm× 256 μm.

f =
åA

A
5S

CSp

CS

( )

Since we can assume a uniform pore distribution
in the volume, this two-dimensional ratio is trans-
ferred into a volume ratio by replacing each surface
element with a volume element. The resulting porosity
Φ is:

Figure 3.Examples of different inhomogeneity values [34] (reprint with permission from IEEE).

Figure 4.Model geometries for the pore cross-section. The equivalent circle has the same area as the pore cross-section. The equivalent
ellipse additionally has the same area distribution.Req is the radius of the equivalent circle, LM and lm are the lengths of themajor and
minor axes of the equivalent ellipse, respectively.
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f f= 6s

3
2 ( )

2.3. Statistical analysis for assessment of the
polishing process
2.3.1. Analysis of the height distribution
For a better understanding of the polishing process,
the height distribution of the measured values is
examined using masked data. Details of the masking
procedure can be found in [30]. It separates the height
data depending on their location inside and outside
the pore surface. The assigned distribution functions fz
are presented for different polishing times.

2.3.2. Analysis of the inclination angle
The inclination angle α represents the slope of the
surface features. It results from the partial derivation
of the height data z using the del operator∇. Figure 5
illustrates typical values ofα for different surface slope
configurations.

A zero-degree angle represents a flat surface and
large angles represent steep surface features, such as
those found on pores. Undercut cannot be detected. If
this is the case, the result is an angle of 90°.

2.3.3. Spectral power density analysis (PSD)
The spectral power density (PSD) function S repre-
sents the height distribution of surface structures as a
function of spatial frequencies k, which is the recipro-
cal of the lateral size of the surface structure. The one-
dimensional PSD function S can be calculated from
surface height data z(x), where x is the one-dimen-
sional coordinate, and k is the spatial frequency [37]:

ò= p-S
L

z x e dx
1

7
L

ikx

0

2
2

( ) ( )

L is the size of the scan. The unit of S is [μm3]. The
experimental function Sexp is now assumed to be the
sum of a number of superposed theoretical functions
Sth that can be described by an ABC-model (SABC)
which is extensively used in PSD analysis [38]:

=
+

S
A

Bf1
8ABC

x

C2 2( ( ) )
( )

= +S S S 9th ABC ABC1 2 ( )

The PSD function is a suitable tool to extract dif-
ferent types of surface deviations, e.g. roughness and
waviness or periodic superstructures, from the surface
topography. By analyzing them, it is possible to assess
which structural quantities occur frequently and whe-
ther periodic structures are present on the surface.
They appear as peaks in the diagram of the PSD
function.

2.3.4. Rootmean square height analysis
The root mean square (RMS) value is a widely used
surface parameter. A detailed surface analysis requires
the representation of surface topography as the sum of
three components, namely roughness, waviness, and
shape [39]. These contributions to topography have
different lateral dimensions. The shape contribution
was eliminated by aligning the height data to the mean
reference plane. Since the topographic features of large
pores differ significantly from those of the polished
surface, the corresponding data are extracted by the
masking process [30] and are not included in the
analysis.

Since the polishing process mainly levels the load-
bearing areas outside the pores, their surface data are
removed by masking and are not included in the con-
sideration. A zero-order Gaussian regression filter
(ISO 16610-71) is therefore applied to the remaining
height data.

The cutoff wavelengths λσ,ω are obtained as the
reciprocal of the respective cutoff frequency in the
PSD function (section 3.2.3 PSD). The values were
chosen so that the cutoff frequency of the waviness is
smaller than all k1 values and the cutoff frequency for
the roughness is larger than all k2 values. λσ is conse-
quently 1 μmandλω 3 μm.

3.Results

3.1. Pore analysis of cross-sectional images
3.1.1. Homogeneity of pore distribution and porosity
The investigation of this pore distribution provides
information on whether the layered character of the
LTCC substrate leads to stratified pore formation in

Figure 5. Illustration of the inclination angle obtained as a function of topography data. The inclination angleα has a value range from
0° to 90° since the absolute value is considered.
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the sinter body. The total number of pores in the
images varies from 773 to 863. The experimental
homogeneity values are compared with a reference
value obtained by applying the same procedure on a
set of randomly distributed model pores. The Monte
Carlomethod is used to generate a set of 1000 uniform
spatial distributed model pores [40]. Figure 6 depicts
the experimental and reference data for comparison.

All the means of the experimental h values are
smaller than 0.1 indicating a nearly homogenous pore
distribution. All of them are in the range of three times
the standard deviation of the random data. Conse-
quently, no significant stratification of the pore dis-
tribution can be identified.

The surface porosity Φs of the cross-section micro-
graphs of the bulk LTCC varies between 9.5 to 13% for
six available measurements. The corresponding poros-
ityΦ according to equation (6) amounts to 3.0 to 4.7%.

3.1.2. Pore size and shape
TheReq value is a directmeasure of the lateral size of the
pores and the open pore area. Figure 7(a) depicts its
distribution in blue and the related total area of pores
for discrete Req values in red. We observe a skewed
distribution, the median value

~
Req is equal to 1.0 μm

and the mean value Req is equal to 1.35 μm. The area
distribution has an almost symmetric shape. The total
area of themost abundant small pores contributes only
to a small amount to the open area. PoreswithReq in the
range of 2–4 μmcontribute themost.

The skewed distribution ofReq can be explained by
the presence of two superposed pore sizes of a bimodal
distribution. Figure 7(b) shows the fitting curves of the
distributions with bins size obtained using Scott´s nor-
mal reference rule. Themedian of normal distribution
1 (green curve),

~
Req

1 is 0.56 μm and Req
1 is 1.04 μm.

For normal distribution 2, (red)
~
Req

2 is 1.46 μm and
the Req

2 is 1.67 μm.

The observation of two different pore distribu-
tions raises the question of whether there are different
mechanisms behind them, which can be distinguished
by the shape of the pores. Therefore, the distribution
function of the pore shape factor was separately eval-
uated for all of them, i.e. ( ft), small pores ( fs), and large
ones ( fl). The classification in small and large pores
uses the mean value Req as the separation criterion,
meaning that those pores with larger Req are assigned
to the distribution function of the large and smaller
ones to the small, accordingly. Figure 8 depicts the
results.

All the distribution functions have maxima at
similar values of the shape factor. Deviations in counts
are a consequence of the different total number of
pores. The jumps on the red curve near integer values
of η are artifacts due to the discrete number of pixels
contributing to the spot size for small pores. These
jumps are also clearly visible on the curve for all pores
since small pores are predominant in number. The
respective values for h̄ are 1.75 for all, 1.74 for small,
and 1.76 for large pores. The median h̃ is 1.55 for all,
1.54 for small, and 1.58 for large pores. This compar-
ison leads to the assumption that the pore shape is
independent of the pore size.

3.2. Parameter for polishing assessment
The polishing progress is compared at two substrate
points. The concave shape of the substrate results in
the edge areas being smoothed out, while the center of
the substrate is not polished beyond a certain degree of
removal. Thus, the edge area can serve as an example
of a good polishing result, while the central area serves
as an example of a poorly polishing result.

3.2.1. Comparison of pore characteristics
The pore characteristics in-plane for the different
polishing steps are compared with those of the cross-

Figure 6.Comparison ofmean h factor for the randomdistributions and h factor for the experimental pore distributions extracted
from the cross sections. Deviation for themean h factor is equal to+/- three standard deviation values.
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sectional ones. Since the surface qualities differ
considerably between the finely polished cross-sec-
tional area and the in-plane ones, particularly a after
short polishing time, only reference pores with a depth
of less than 600 nm are included in the consideration.

This value corresponds approximately to the leveled
height during polishing. The results are summarized
in table 1.

Pore size and pore shape are similar. The mean
value of the pore size .. of cross-sectional pores is a bit

Figure 8.Pores shape factors distributions for various ranges of Req.

Figure 7. (a)Pores equivalent radii and total area for given equivalent radius distributions and (b)fit of 2 superposing distribution
curves.
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higher than those of the in-plane values. This can be a
random effect, but a systematic influence of the mask-
ing cannot be excluded due to the different surface
qualities.

3.2.2. Evolution of the surface height and slope
distributions
The presentation of the surface height distribution
functions fz considers the data points of themasked (in

the pore) area and the surrounding data points (out-
side the pores) separately. Figure 9 compares the
respective functions for the data sets in the beginning
and after completion of the polishing step for the well-
polished edge area and the poor-polished center area.
The zero level is defined as the peak of the Gaussian
distribution of the values outside the pores.

The height distribution functions of the values
inside the pores show no significant change in their
shape, but for both regions, the center and the edge, a
parallel shift to higher z values with increasing polish-
ing time is evident.

The data sets outside the pores provide essential
information on the erosion of the raised surface struc-
tures. While the distribution functions of the center
and edge regions are initially comparable, they differ
substantially after polishing. The well-polished edge
area shows a narrow and high peak, which is flattened.
The flattened flank is the result of leveling the protrud-
ing ridges during polishing that generates a large

Figure 9.Height distribution functions fz for central area (a) and for the left upper corner (b) before polishing (0 min) and after 70 min
polishing.

Table 1.Pores characteristics for different polishing times at the
center area, comparedwith reference pores of the cross-section.

Polishing time [min] h factor Req [μm] h̄ h̃

0 0.183 1.96 1.72 1.58

20 0.150 1.96 1.61 1.45

50 0.152 1.78 1.83 1.6

70 0.177 1.9 1.67 1.52

Reference 0.157 2.14 1.71 1.51
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number of data points with the same height. Since the
poor polishing condition in the center produces only
limited leveling, the distribution here is broader and
more symmetrical because of the remaining hill
stumps.

The distribution function of the inclination angle
fa bases on the full set of height data for the respective
polishing step. Figure 10 depicts the functions for the
center and the edge area at different polishing times.

Figure 5 illustrates that small inclination angles
imply a flat surface. A good polishing result is there-
fore associated with a high proportion of small angles
and a narrowdistribution.

The curves in figure 10(a) develop towards a lower
inclination angle and higher peaks with an increasing
polishing time of up to 50 min. However, there is no
significant change between the curves at 50 min and
70 min, indicating that there is nomore polishing pro-
gress. The situation is different in figure 10(b): peak
height and width change over the whole time, the 70-

min-curve has an almost double peak value than the
50-min one and the peak width is narrow, indicating
apparent progress in polishing between 50 min and
70 min.

3.2.3. Evaluation of the PSD function
The PSD functions of the center area before polishing
and the edge area after polishing are taken as
representative examples of the worst and the best
polishing result, respectively. The experimental curves
Sexp are approximated by the theoretical Sth values that
can be fitted by two analytical functions SABC1 and
SABC2 (referend as theoretical function in figure 11).
The respective coefficients for both polishing states are
summarized in table 2.

Two functions with spatial low-pass behavior
superpose each other. ABC1 represents the curve with
the higher spatial cutoff frequency and ABC2 is the
onewith the lower one.

Figure 10. Inclination angle distribution functions for the central area (a) and for the left upper corner area (b) of the sample surface
with different polishing times.
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Figure 11 illustrates that the analytical functions
are shifted towards higher spatial frequencies with
increasing polishing progress. The frequencies k1 and
k2 divide the spatial frequency range into three
regions: (i) low-frequency region, k < k1; (ii) trans-
ition region k1 < k < k2; and (iii) high-frequency
region, k> k2. The values k1,2 are shown here graphi-
cally, the modeling is presented in the supplement
[30]. The low-frequency region characterizes the wavi-
ness of the LTCC substrate, whereas the high-fre-
quency region is determined by theRMS roughness.

3.2.4. Roughness andwaviness evolution
Separating roughness and waviness from the primary
surface allows the study of coarse and fine surface
features individually. Figure 12 compares the RMS
height for roughness and waviness according to the
substrate position.

Both roughness and waviness decrease differently
over the polishing time depending on the substrate
position. While there is no significant decrease in
roughness and waviness in the center area after 50 min
polishing time, the edge area is still leveled and both
roughness and waviness decrease between 50 min and
70 min The results correlate well with those in
figures 9 and 10 in section 3.2.2.

The machining process affects the various spatial
sizes to different extents. The final roughness of the
well-polished surface is 42 nm. This corresponds to
47% of the initial value. The coarser structures, typi-
fied by waviness, reach an RMS height of 137 μm,
which is 32%of the initial value. Coarser structures are
thus erodedmore strongly.

Figure 11. Sexp (black line) and Sth (red) as a sumof two analytical PSD functions (ABC1, ABC2) for a) a center area before polishing
t= 0 min; and b) edge area after polishing, t= 70 min.

Table 2. Fitting parameter of the ABC functions for an
unpolished (center) andwell-polished polished (edge)
surface.

Center, 0 min Edge, 70 min

ABC1 ABC2 ABC1 ABC2

A [μm3] 0.0094 3.9 0.0019 1.9

B [μm] 0.78 10.5 0.941 11.01

C 5 5 4 4
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4.Discussion

4.1. Pore distribution and shape
The results in figure 6 reveal that there is no stratifica-
tion due to the process and that the pores are evenly
distributed over the cross-section. Comparing these
results with table 1, it is noticeable that the results differ
considerably. Although the data set is the same, the
analysis of the reference pores yields deviating values.
The reason for this lies in the selection andprocessing of
the data. Since only larger pores are considered in
table 1, the total sample size, which corresponds to the
number of pores, is lower. Additionally, the pores are
represented by a point that is situated in the center of
the equivalent circle. If the pore area is large, no other
pore can be located within its circumference. Both
reasons cause a shift of the h-value towards larger
values. However, the h-values for the cross-section and

those of the planes do not differ significantly, therefore
a homogeneous distribution of the pores in the volume
is confirmedby this evaluation.

A correlation between polishing depth and pore
density was not found.

The shape factor η can indicate if there exist pro-
cess-related deformations of the pores, e.g., due to
the escape of gases to the top. In this case, there would
be a smaller shape factor in-plane than perpendicular
to the polishing plane. Actually, a slightly higher
shape factor was observed for cross-sectional pores in
comparison to the in-plane. Since the effect is small
in comparison to the standard error, the observation
can be random. A systematic influence of the mask-
ing cannot be excluded too, due to the different sur-
face qualities. Based on the available data, no reliable
statement can be made, and further studies are
required.

Figure 12.RMSof surface roughness andwaviness after different polishing time t, filteredwith a robust zero order areal Gaussian filter
(ISO 16610-61): (a)RMS roughness for centerσc and edgeσe,λσ= 1 μm; (b)RMSwaviness for centerωc and edgeωe areas,
λω= 3 μm.
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4.2. Assessment of polishing progress
4.2.1. Use of distribution functions
Both, the height and the inclination angle distribution
function are suitable for describing the polishing
progress. In the case of the height distribution, the
peak height, width, and shape of the data point
distribution outside the pores are considered quality
characteristics since they allow us to clearly distinguish
between good and bad polishing results. However, the
use of the inclination angle appears to be easier to
realize, since here peak height and width can be
determined from the total data set and no masking is
required.

4.2.2. RMS height values
RMS height values for roughness and waviness are
qualitative target values that can be directly brought in
relation to process requirements. Applying a PSD
analysis helps to identify the cut-off wavelength for
standard filters. Waviness and roughness differ sig-
nificantly depending on the degree of polishing and in
the case of poor polishing, a clear saturation effect is
identified, indicating that the erosion does not proceed
in the center area of the substrate after 50 min. RMS
height values for waviness allow the evaluation of the
bearing surfaces on which a lithography mask would
have direct contact during light exposure. This allows
the light scattering at the gaps to be estimated. The
RMS roughness itself is of particular interest for the
assessment of the sheet resistance, e.g. the adhesion of
bond connections.

4.3. Limiting aspects formicromachining
The use of micromachining makes sense if the desired
function cannot be achieved with thick-film technolo-
gies. For conductive tracks as the most important
functional units of a circuit, the limit of feasible
printed structures is approximately 50 μm. A reason-
able target range for the width of thin film conductors
to complement LTCC technology is therefore in the
interval of 5–25 μm.

According to figure 7(a), Req of most pores is smal-
ler than 1 μm. A conductor path would therefore not
be interrupted when crossing these pores, but its cur-
rent-carrying capacity would decrease significantly
due to the cross-section reduction. Furthermore, the
resulting defects can generate electromagnetic radia-
tion, since they represent a discontinuity in wave pro-
pagation. Although this pore class is the most
abundant, its percentage of the substrate area and thus
the probability that they interrupt a conductor path
fully is relatively low.

The highest risk originates from pores of size
between 2–4 μm. Due to their size, they would sig-
nificantly constrict or even completely interrupt con-
ductor paths. Even larger pores are rare, but they
almost certainly lead to a failure of the structures and
thus limit the yield.

Another criterion for assessing the transmission
quality of thin-film conductor lines is sheet resistance.
It increases with increasing roughness. This impairs
the transmission quality of signals, especially in the
high-frequency range. The achieved surface roughness
of 42 nm is of the order of that achieved by sol-gel
coatings of LTCC surfaces. Here, Ra is 45 nm, and the
increase in sheet resistance of a copper conductor due
to this roughness is increased by a factor of 1.7 com-
pared to a silicon substrate [41]. A similar ratio is
expected formetallizations on polished surfaces.

The waviness of well-polished surfaces is 137 nm
and the roughness is 42 nm. The polishing process thus
produces surfaces with optical quality. In the litho-
graphy process, the waviness can be considered as the
average gap that remains when exposed in hard contact
mode, provided that the substrate is flat enough and
shape deviations are corrected by the contact force.
Assuming a structure size of 5 μmandmore, goodexpo-
sure conditions canbe assumedunder these conditions.

5. Conclusion

LSM image analysis was applied to characterize pores
as major surface defects of polished LTCC ceramics. It
was found that the pores are homogeneously distrib-
uted in the volume and that those with a radius Req

smaller than 1 μm are the most abundant, but their
contribution to surface defects is minor. Pores with an
equivalent radius Req of 2 to 4 μm represent the largest
proportion of defects in terms of area. It is demon-
strated that the polishing progress can be evaluated by
analyzing the distribution function of the inclination
angle, taking into account only the peak height and
width of the unmasked data. This approach is well-
suited for automated quality assessment. The results of
the statistical pore analysis are comparable to the
progression of the RMS values. It is demonstrated that
both methods confirm the same statement. Since the
developed statistical pore analysis method is indepen-
dent of thematerial, it can be applied to characterizing
pores in various ceramic composites and providing
information on porosity, pore size, shape, and dis-
tribution. These methods pave the way for improved
process control and help to assess themicromachining
compliance of ceramic substrates.
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